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(57) ABSTRACT 

Method and apparatus for preparing at least one metal chlo 
ride from metal oxide containing material comprising calcin 
ing the metal oxide containing material under temperature 
conditions sufficient to obtain a calcined product comprising 
at least one metal oxide; and selectively chlorinating the 
calcined product to form at least one metal chloride. 
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METAL CHLORDES AND METALS 
OBTANED FROMMETAL OXDE 

CONTAINING MATERALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is a continuation of U.S. 
application Ser. No. 1 1/386,852, filed Mar. 23, 2006, the 
entire disclosure of which is incorporated by reference herein 
in its entirety. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to pyrometallurigal 
processing, including a process and apparatus for producing 
metal chlorides and metals from material having a metal 
oxide content, such as the adjacent rock strata of coal seams, 
or from industrial sources, such as Solid byproducts of indus 
trial plants. 
0004 
0005. Historically, some metals for the metal working 
industry are produced from ores, which can contain high 
weight percentages, such as more than 50 wt.% of a metal 
oxide of interest (high-grade sources). Iron is generally pro 
duced from hematite (FeO) or magnetite (Fe-O), alumi 
num from bauxite (AlO) and titanium from rutile (TiO) or 
ilmenite (FeTiO). Their saturated content and the fact that 
most of these ores bear only one metal oxide making isolation 
and purification simple, made these ores the source of first 
choice for the metal working industry. 
0006 Nevertheless, metal oxides are present in all kinds of 
natural sources, e.g., geological minerals such as igneous, 
sedimentary or metamorphic rock material or from man 
made sources such as industrial waste material. These sources 
however have a metal oxide content of less than 50 wt %, and 
are often present in a mix of various metal oxides. Low metal 
oxide content and high content of undesired silicates and 
other impurities caused their economical designation as 
waste. For example, the adjacent rock strata in coal mining 
describes material that lies above or below the coal seam; 
usually comprising of rock with some coal. During coal min 
ing, Some of the undesired adjacent rock strata is unearthed as 
well. This material is usually deposited as coal mine waste 
above ground covering vast areas of landscapes. Typically, 
coal mine waste comprises carbonaceous material (coal, tar, 
etc.) and rock material of metaliferous content, including 
aluminum oxides, iron oxides, titanium oxides, and other 
metal oxides depending on the geological nature of the adja 
cent rock strata. Generally, the total weight percentage of 
metal oxides in coal mine waste ranges between 15 and 30 wt. 
% of the coal mine waste. In the past, these amounts were too 
low to economically consider coal mine waste as a source for 
metal chlorides or elemental metals. The same holds true for 
metal oxide containing material from industrial sources Such 
as the ash from coal fired power plants, which—due to their 
geological origin also have a weight percentage of metal 
oxides between 25% and 3%. 

0007 U.S. Pat. No. 6,808,695 B1 discloses a process for 
continuously producing aluminum from clays. Such as 
kaolinite, illite or siliceous bauxite. U.S. Pat. No. 4,349,420 
describes a process of fractional condensation/distillation for 
the production of aluminum chloride. 

2. Background Information 
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SUMMARY OF THE INVENTION 

0008. The present invention relates to a method and appa 
ratus for production of metal chlorides and also the produc 
tion of metals from these metal chlorides. The source for these 
products can be any metal oxide containing material that can 
also preferably contain a combustible heat source. Further 
more, the energy used in the method and apparatus can be 
conserved and recycled to be used at other parts throughout 
the process and apparatus. 
0009. The present invention relates to a method for pre 
paring at least one metal chloride from metal oxide contain 
ing material including calcining the metal oxide containing 
material under temperature conditions sufficient to obtain a 
calcined product comprising at least one metal oxide and 
selectively chlorinating the calcined product to form at least 
one metal chloride. 
0010. The present invention further relates to a method for 
conserving energy in a metal generating process, comprising 
combusting a heat Source to calcine metal oxide containing 
material, chlorinating at least one metal oxide and diverting 
energy from at least one of the combusting or the chlorinating 
to other parts of the process. 
0011 Furthermore, the invention relates to an apparatus 
comprising a chlorinator constructed and arranged for chlo 
rinating a metal oxide containing material and an energy 
recycler constructed and arranged for recycling energy 
released in the chlorinator. 
0012. The method for preparing at least one metal chloride 
from metal oxide containing material can further comprise 
drying the metal oxide containing material. 
0013 The at least one metal oxide can contain at least one 
oxide of a metal comprising alkaline and earth alkaline met 
als, main group Ill with the exception of boron, main group IV 
with the exception of carbon and silicon, all transition metals, 
all lanthanides and actinides. 
0014. The calcining of the metal oxide containing material 
can be at a temperature between 1450 and 1750° F. 
0015 The metal oxide containing material can have a heat 
content and the heat for calcining can be provided by a heat 
content present in the metal oxide containing material. 
0016. The calcining can include addition of a heat source. 
0017. The selectively chlorinating can comprise carbo 
chlorination. 
0018. The selectively chlorinating can include determin 
ing a content of metal oxides in the metal oxide containing 
material and using an amount of a source of chlorine and an 
amount of carbon from a carbon Source in the selectively 
chlorinating based upon the determining. The amount of 
chlorine source can include an excess of 0.1 to 2 wt % based 
on the metal oxide content. 
0019. The at least one metal chloride can comprise at least 
two metal chlorides and separating the at least two metal 
chlorides. The separation can include fractional condensa 
tion/distillation of the at least two metal chlorides at pressures 
and temperatures to fractionally separate the at least two 
metal chlorides. 
0020. The at least one metal oxide containing material can 
comprise coal mine waste and/or solid industrial byproduct. 
0021. The method and apparatus can further comprise that 
the at least one metal chloride from metal oxide containing 
material can further include separating Solids from gases and 
separating the gaseous metal chlorides by fractional conden 
sation/distillation. The separating Solids from gases can 
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include separating liquids from Solids. Also, the separating 
includes separating liquids from gases. 
0022. Furthermore, the fractional condensation/distilla 
tion can include condensation and distillation of metal chlo 
rides at pressures between atmospheric and 60 psig. 
0023 The method can comprise forming metals from the 
metal chlorides. 
0024. The method can further include using excess heat 
from at least one of the calcining and the selectively chlori 
nating in the process. 
0025. The method and apparatus can further comprise 
generating electricity. 
0026 Energy from the process and apparatus can be used. 
0027. The method and apparatus can further comprise a 
heat exchanger constructed and arranged to capture the 
energy released from the chlorinator and diverting heat to an 
electricity generation unit. 
0028. The method and apparatus can further comprise a 
metal producing section constructed and arranged to form at 
least one metal from at least one metal chloride from the 
chlorinator. 
0029. The method and apparatus can further supply elec 

tricity from the electricity generation unit to the metal pro 
ducing section. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0030 The present invention is further described in the 
detailed description which follows, in reference to the noted 
plurality of non-limiting examples of exemplary embodi 
ments of the present invention, in which like reference numer 
als represent similar parts throughout the several views of the 
drawings, and wherein: 
0031 FIG. 1 is a part of a plant diagram illustrating the 
coal and coal mine waste drying section; 
0032 FIG. 2 is a part of a plant diagram illustrating the 
fluidized bed boiler also described as calciner; 
0033 FIG. 3 is a part of a plant diagram illustrating the 
chlorination system; 
0034 FIG. 4 is a part of a plant diagram illustrating the 
primary separation system; 
0035 FIG. 5 is a part of a plant diagram illustrating the 
secondary separation system and the aluminum production 
system; 
0036 FIG. 6 is an exemplary plant diagram illustrating the 
TiCl, separation system and the titanium production system; 
and 
0037 FIG. 7 is a diagram illustrating a bench scale experi 
ment of the chlorination and separation process; 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

0038. The particulars shown herein are by way of example 
and for purposes of illustrative discussion of the embodi 
ments of the present invention only and are presented in the 
cause of providing what is believed to be the most useful and 
readily understood description of the principles and concep 
tual aspects of the present invention. In this regard, no attempt 
is made to show structural details of the present invention in 
more detail than is necessary for the fundamental understand 
ing of the present invention, the description taken with the 
drawings making apparent to those skilled in the art how the 
several forms of the present invention may be embodied in 
practice 
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0039. Unless otherwise stated, a reference to a compound 
or component includes the compound or component by itself. 
as well as in combination with other compounds or compo 
nents, such as mixtures of compounds. 
0040. As used herein, the singular forms “a”, “an and 
“the include the plural reference unless the context clearly 
dictates otherwise 

0041. Except where otherwise indicated, all numbers 
expressing quantities of ingredients, reaction conditions, and 
So forth used in the specification and claims are to be under 
stood as being modified in all instances by the term “about'. 
Accordingly, unless indicated to the contrary, the numerical 
parameters set forth in the following specification and 
attached claims are approximations that may vary depending 
upon the desired properties sought to be obtained by the 
present invention. At the very least, and not as an attempt to 
limit the application of the doctrine of equivalents to the scope 
of the claims, each numerical parameter should be construed 
in light of the number of significant digits and ordinary round 
ing approaches. 
0042 Additionally, the recitation of numerical ranges 
within this specification is considered to be a disclosure of all 
numerical values within that range. For example, if a range is 
from 1 to about 50, it is deemed to include, for example, 1, 7. 
34, 46.1, 23.7, or any other value within the range. 
0043. The term metal oxide describes a compound that can 
be chemically generated from a metal and oxygen containing 
compound Such as oxygen. The following groups of the peri 
odic table are considered metals: alkaline and earth alkaline 
groups, main group III with the exception of boron, main 
group IV with the exception of carbon and silicon, all transi 
tion metals, all lanthanides and actinides. All other elements, 
including boron, carbon and silicon, are considered non-met 
als. The term oxides also includes any intermediate form of 
the compounds such as, but not limited to, peroxides, Super 
oxides and Suboxides. 
0044) Furthermore, it is understood that compounds that 
can decompose into a metal oxide and another material are 
considered metal oxide containing materials as well. For 
example and without limiting the scope of the invention, a 
metal carbonate can be considered a metal oxide containing 
material since it decomposes to a metal oxide and carbon 
dioxide upon treatment such as heating. Similarly, com 
pounds that are generated from metal oxides and non-metal 
oxides are also considered to be metal oxide containing mate 
rials. For example, aluminum silicates are metal oxide con 
taining because they can be generated from aluminum oxide 
(metal oxide) and silica (non-metal oxide). The method and 
apparatus relate to the production of metal chlorides from 
metal oxide containing material. The metal oxide containing 
material can include any material having a metal oxide con 
tent as well as mixtures of such materials. Thereby, the pro 
cess and apparatus of the present invention can utilize any 
metal oxide containing material. 
0045. The metal oxide containing material can also com 
prise metal oxide containing materials that are ordinarily not 
regarded as an economical and/or useful source for obtaining 
metal chlorides or metals. Thus, metal oxide containing mate 
rials can be used in the process and apparatus of the present 
invention that have a low content of at least one metal oxides, 
Such as a low content of metal oxides as not to be considered 
economical and/or useful for the production of metal chlo 
rides and/or metals. Without limiting the scope of the inven 
tion, materials utilized in the method and apparatus according 



US 2016/O 185597 A1 

to the invention include waste, such as for example coal mine 
waste, tar, oil refinery waste, coal fired power plant Solid 
byproduct, asphalt concrete waste, preferably coal mine 
waste and/or power plant solid-byproduct. 
0046 For example, materials utilized according to the 
invention can have a low metal oxide content, Such as a metal 
oxide content of less than about 50 wt.%, and includes ranges 
of 5 to 40 wt.%, 10 to 35 wt.% and 15 and 30 wt.%. 
0047 Preferably, the metal oxide containing material con 
tains a combustible component that can provide as much 
energy as possible, preferably between 50 to 100%, more 
preferably between 60 to 100%, most preferably between 80 
to 100% based on the energy requirement needed for the 
process including at least the formation of one or more metal 
chlorides, and most preferably the formation of elemental 
metal. Ideally, the heat content intrinsic to the metal oxide 
containing material is sufficient to provide the entire energy 
requirement for the process from formation of the one or more 
metal chlorides as well as production of metals therefrom. 
0048. The method and apparatus includes chlorination of 
the metal oxide containing material to form metal chlorides 
which can be converted into elemental metal. Preferably, the 
chlorination comprises selective chlorination: Selective chlo 
rination describes the generation of metal chlorides from 
metal oxide containing material. Conditions of the method 
and amounts of a chlorinating agent are chosen to form metal 
chlorides without substantial formation of non-metal chlo 
rides. For example, and without limitation to the method and 
the apparatus, if coal fired power plant ash is used as a metal 
oxide containing material having as an ingredient silicon 
containing material. Such as silica and silicates, and further 
aluminum oxide and sodium oxide, selective chlorination 
according to the present invention would provide aluminum 
chloride and sodium chloride without substantial inclusion of 
silicon chloride. Furthermore, it should be understood that the 
method and apparatus for selective chlorination according to 
the invention does not use nor require any catalyst, such as 
Sulfur-containing compounds, in addition to the chlorinating 
agents. The amount of non-metal chlorides produced is ide 
ally Zero, or substantially less than about 10 wt.%, more 
preferably less than about 5 wt %, most preferably less than 
about 1 wt % based on the total weight of the starting material. 
0049 Chlorinating agents include a source of chlorine and 
a reducing agent. The source of chlorine can comprise chlo 
rine gas and/or any compound that provides elemental chlo 
rine. The reducing agent can comprise any compound capable 
of reducing the oxygen contained in the metal oxides, such as 
carbonaceous compounds, including carbon, coal, organic 
compounds, and natural gas; carbon monoxide; also other 
metals such as iron can be considered as reducing agents. The 
Source of chlorine and the reducing agent can be present in a 
mixture and/or can comprise the same compound, such as, for 
example, chlorinated organic materials. Such as phosgene or 
chlorinated aliphatic compounds, for example, chloroform or 
carbon tetrachloride orchlorinated aromatic compounds Such 
as chlorobenzenes. Preferably, the chlorinating agent does 
not contain moisture. The Source of elemental chlorine and/or 
the reducing agents can be dried in any manner for example 
the reducing agent can be dried in a similar manner to the 
drying process described for the metal oxide containing mate 
rial. Also, the chlorinating agent can comprise hydrogen chlo 
ride. 

0050. Furthermore, the present invention provides method 
and apparatus for preparing metal chloride from metal oxide 
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containing material wherein the chlorination comprises car 
bochlorination, preferably using selective chlorination 
thereby providing selective carbochlorination. In this regard, 
carbochlorination describes a method for the generation of 
metal chlorides from metal oxides using a chlorinating agent 
as described above, preferably chlorine gas and a carbon 
aceous reducing agent, preferably a carbon source Such as 
coal. Moreover, the source of chlorine can include chlori 
nated organic materials. Any combination of these materials 
can be used. The combination of chlorine and carbonaceous 
reducing agent in this process results in the formation, of 
metal chlorides from the metal oxides. Thereby, the oxide 
anions of the metal oxides can form carbon monoxide and/or 
preferably carbon dioxide. 
0051. The present invention also provides method and 
apparatus for separation of gaseous metal chlorides by frac 
tional condensation/distillation. Mixtures of hot gaseous 
metal chlorides are gradually cooled, preferably above atmo 
spheric pressure. According to the pressure/temperature 
phase diagram of many metal chlorides, elevated pressure 
results in condensation (gas-liquid transfer) of the metal chlo 
rides instead of desublimation (gas-solid transfer) which 
occurs at normal atmospheric pressure. Condensation of the 
metal chlorides is preferred because it allows for a more 
efficient separation of a mixture of metal chlorides than des 
ublimation. Accordingly, the present invention preferably 
achieves a high purity separation of metal chlorides by utiliz 
ing fractional condensation/distillation from gas to liquids. 
0.052 The method and apparatus can also provide for ener 
getically efficient use of heat sources making the process 
economically viable. The heat/energy released in the process 
can be diverted to energize any other part of the process. For 
example, the heat generated in a calciner or chlorinator, can 
serve to dry a charge offeed metal oxide containing material 
from moisture and humidity. Also, heat from the calciner or 
chlorinator can be used externally to the process, or can also 
be used, for example, for generating electricity which then 
can be externally used and/or used internally for the reduction 
of separated metal chlorides to elemental metals in the metal 
generation section. 
0053. Furthermore, within the scope of energetically effi 
cient use of heat, the method and apparatus can comprise the 
use of heat content of the metal oxide containing material. 
Preferably, no outside source of heat content is necessary for 
the process. For example and without limitation to the scope 
of the invention, when coal mine waste is used as a metal 
oxide containing material, preferably no additional energy, 
Such as the addition of coal, is added to the process, and the 
coal content of the coal mine waste is utilized to provide all or 
Substantially all of the energy requirement of the process. 
However, an addition of coal up to 10 wt %, up to 20 wt %, up 
to 30 wt % of the total weight of the coal mine waste can be 
added depending upon the energy requirement of the process. 
Natural gas can be used as a flame-out prevention source for 
the calciner. 
0054 The process and apparatus according to the present 
invention can be part of a system all located at one place, or 
can comprise various process steps and apparatus that can be 
located near each other or can be remotely located with 
respect to each other. Preferably, the process and apparatus 
for the processing of the metal oxides into metal are per 
formed and located at one place for economic and/or process 
ing efficiency. Thus, while portions of the process can be 
practiced at diverse locations, and apparatus can be placed at 
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various locations, it is preferred that the apparatus for pro 
cessing the metal oxide containing material to metal com 
prises a system located at one location. 
0055. The present invention can provide a plant compris 
ing a drying section for drying material, such as metal oxide 
containing material and/or carbonaceous material, from 
moisture and humidity. The drying section can possess trans 
portation devices, such as conveyors or belts to transport dried 
material to a calcination section where dried feed material can 
be calcined. 

0056. The calcination section can further comprise trans 
portation components to transport hot ash to a chlorination 
section. The chlorination section can include a reaction cham 
ber structured and arranged for chlorination, preferably selec 
tive chlorination, and most preferably selective carbochlori 
nation. For example, the reaction chamber can include 
Suitable inlets to combine dry carbonaceous material. Such as 
dried coal, natural gas or oil, with a chlorine Source. Such as 
chlorine and the hot solid product from the calcination sec 
tion. Furthermore, the reaction chamber can include inlets for 
gases, such as nitrogen. The chlorination section serves to 
form metal chlorides from hot solid product which are then 
transported or diverted to a separation section. The pressure in 
the chlorination section can be greater than the pressure in the 
first stage fractional condensation/distillation unit of the 
separation section. 
0057 The drying section, the calcination section and the 
chlorination section can comprise any apparatus sufficient to 
obtain drying, calcinations and chlorination. Such apparatus 
can be of a fixedbed or fluidizedbed structure and can include 
various fluidizing media Such as inert gases, such as nitrogen, 
or air and flue gases. 
0058. The separation section can comprise a separator to 
separate solids from liquids and Solids from gases, e.g., a 
cyclone, as well as a separator that separates liquids from 
gases. Furthermore, the separation section can comprise at 
least one fractional condensation/distillation unit for each 
desired metal chloride product, where gaseous metal chlo 
rides of different physical properties can efficiently be sepa 
rated. The separation section can further include transporta 
tion devices to transport separated metal chlorides for further 
processing and handling, for example the method and appa 
ratus may include metal production systems comprising reac 
tion chambers where metals can be generated from obtained 
metal chlorides, such as by electrolytic processes or by use of 
reducing agents such as alkali and earth alkali metals. The 
separation section can include any apparatus for achieving the 
separation, and preferably comprise at least one fractional 
condensation/distillation unit for separation of gaseous metal 
chlorides and are preferably a plurality of condensation/dis 
tillation units. 

0059. Further expanding on the above, the metal oxide 
containing material can be dried to a Sufficient extent that it 
becomes suitable for combustion. Drying of the material can 
serve to remove free water, Such as moisture and humidity in 
the material. Dry material is preferred to avoid any energeti 
cally undesired steam generation in the process. Preferably, 
no free water is contained in the material prior to charging the 
calciner. However, a free water content which ranges between 
0 and 10 wt % based on the total weight of the metal oxide 
containing material is acceptable without causing detriment 
to the process such as excessive waste of heat due to unnec 
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essary Steam generation. The drying is preferably continued 
until the waste is freed from moisture, humidity or unbound 
Water. 

0060. The dried material is transported to a calciner where 
it is calcined at a temperature between 1450 and 1750 F., 
preferably between 1500 and 1600° F., most preferably 
between 1550 and 1570°F. Calcination is the actor process of 
heating a material to, a high temperature without causing the 
material to fuse and to drive off volatile ingredients or to 
effect changes such as pulverization. The non-combustible 
material can include various aluminum silicates with diverse 
chemical formulas Such as MgAl(SiO4). Calcination of this 
non-combustible material causes a change in the structure by 
breaking bonds in the alumosilicate framework and causing 
decomposition of the alumosilicate into aluminum oxide, 
magnesium oxide and silica. The calcined material serves as 
an intermediate material for the process. 
0061 The calcination can be performed in an oxidizing 
atmosphere Such as air and/or recycled flue gases. Combus 
tible material present in the metal oxide containing material 
can be combusted in the oxidizing atmosphere to thereby 
provide heat that can be used in the process. For example, 
when coal mine waste is used, combustion during calcination 
can be fueled by heat content present in the metal oxide 
containing material. Thus, for example, carbon material Such 
as residual coal present in coal mine waste can serve as a 
heating Source. If desired, Supplementary sources of combus 
tible material, e.g., coal, natural gas or oil, etc. may be added. 
0062 Following the combustion, the hot solid product can 
be transported to a chlorination chamber where metal chlo 
rides are formed using chlorination, preferably selective chlo 
rination and more preferably selective carbochlorination. The 
hot solid product can be mixed with a chlorinating agent, 
preferably a dry chlorinating agent. 
0063. Furthermore, a source of chlorine, such as chlorine 
gas, can be supplied from a recycling process from the metal 
plant. For example, the chlorine gas can be Supplied from a 
recycling process from the metal plant and/or from a chlorine 
storage unit. A reducing agent can be Supplied from a dryer. 
Both the amount of reducing agent and the amount of chlorine 
added can be controlled to yield chlorination of metal oxides 
where selective chlorination is desired. The measured amount 
can be determined by analytical methods to give a content of 
metal oxides present in the metal oxide containing material 
Such as, for example, weight percentages of metal oxide 
present in coal mine waste or in ash. The measured amounts, 
of reducing agent and chlorine can then be calculated to 
satisfy chemical reactions such as shown here for aluminum, 
iron and titanium: 

0064. Limiting the amounts of chlorine and reducing 
agent as well as omitting a catalyst Such as a Sulfur containing 
compound, for example, hydrogen Sulfide, avoid the chlori 
nation of siliconoxide. Therefore, the formation of undesired 
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side products can be minimized. After the selective chlorina 
tion, unchlorinated residues, mostly comprising silicon 
oxides, can be separated from the formed metal chlorides, 
which are either present as liquid melts, e.g., NaCl or MgCl, 
or as gases, e.g., AlCls. FeCls. Carbon monoxide formed in 
the process can be recycled to be further combusted to carbon 
dioxide. For example, Stoichiometric amounts of chlorine 
based on the metal oxide content can be used. Also, a chlorine 
excess of up to about 10 wt %, preferably up to about 5 wt %, 
more preferably up to about 2 wt %, most preferably between 
0.1 and 2 wt % based on the metal oxide content can be 
directed into the chlorinator to achieve maximum yield of the 
metal chloride. Furthermore, a reducing agent excess of up to 
about 10 wt %, preferably between about 5 and about 10 wt 
%, most preferably between about 7 wt.% to about 10 wt % 
can be used, based upon the content of metal oxide. 
0065. After the chlorination, solids are separated from 
gases, and liquids if present, and the gases and liquids if 
present are subject to the separation techniques. Preferably, 
mixtures of gases of metal chloride are separated using frac 
tional condensation/distillation. 

0066 For example, the gaseous metal chlorides can be 
directed into a separation section where gases are fractionally 
condensed and distilled by gradually cooling at elevated pres 
Sure. The pressure in the separation section is elevated and 
ranges from atmospheric pressure (~14.7 psig) up to 80 psig, 
preferably between 20 psig and 70 psig, most preferably 
between 40 and 60 psig. At elevated pressures the gases are 
fractionally coaled resulting in the condensation and the dis 
tillation of one species of metal chloride over another species 
of metal chloride. Condensation and distillation temperatures 
are depending on the elevated pressure and can lie anywhere 
between 100°F. and 1000°F. However and without limiting 
the scope of the method and the process, if the elevated 
pressure is chosen at 50 psig, condensation and distillation 
temperatures of metal chlorides comprising the metal group 
aluminum, titanium and iron can be between 275 and 675° F. 
Condensation and distillation temperatures can be derived 
from phase diagrams for each species which are known in the 
art. Furthermore, besides the fractional cooling of the, metal 
chloride gases, the method allows to vary the elevated pres 
Sure during the cooling process if desired to gain maximum 
separation between species of metal chlorides. 
0067. It is understood that because of the corrosive nature 
of the chlorinating agent and the metal chlorides either as 
liquids or gases, the method and apparatus can include inert 
and corrosion resistant materials to avoid any reaction 
between the generated metal chlorides or the unreacted chlo 
rinating agent and the apparatus. These protective measure 
ments include utilization of corrosion resistant materials. For 
example and without limiting the scope of the invention, the 
walls of the chlorinator can be lined with refractory lining 
comprising high silica acid brick or silicon carbide bonded 
bricks; and outlets and pipes transporting metal chlorides and 
other corrosive reaction products can comprise ceramic lined 
pipes or corrosion resistant high-nickel alloy pipes. For tem 
peratures of 400° F. or less, tetrafluorinated polyethylene 
lining can be considered. 
0068 Reference will be made to the drawings with respect 
to the following non-limiting embodiments of the invention 
wherein coal mine waste or power plant solid byproduct is 
used as the metal oxide containing material and exemplary 
process and apparatus for metal chloride and metal produc 
tion are discussed. For example, coal mine waste can have a 
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content of 5-35 wt.% carbon, 0.25-0.75 wt.% hydrogen, 
10-12 wt.% water, 35-45 wt.% silicon dioxide, 15-25 wt.% 
aluminum oxide, 1-3 wt.% iron oxides, 0.5-1.5 wt.% tita 
nium oxide and trace amounts of other metal oxides. 
Although, the method finds application using coal mine waste 
of above-mentioned composition, coal mine wastes of other 
compositions are contemplated as well. Therefore and with 
out limiting the scope of considered metal oxides in other 
embodiments, the coal mine waste can contain, for example, 
oxides of the following metals in varying concentrations; 
gallium, indium, germanium, tin, lead, antimony, bismuth, 
Vanadium, chromium, beryllium, manganese, cobalt, nickel, 
copper, Zinc, Zirconium, ruthenium, osmium, rhodium, iri 
dium or uranium. Similarly, power plant ash can contain 
various amounts of metal oxides. 

0069. In FIG. 1, waste (1) and/or virgin coal (1") is con 
veyed into the dryer(A) using a belt or screw driven conveyor 
into crusher O and ground into fine particles with a size 
between about 1 and about 20 mm, more preferably between 
about 3 to about 6 mm, most preferably about 4 mm. The 
crushed material is transported into dryer A via line 2. A 
cooling water pipe (14) feeds cooling water from a cooling 
tower (K) and cooling water pumps (I) through a steam con 
denser (G). G condenses steam (9) from the turbines (D1 and 
D2), thus heating the cooling water from about ambient to 
about 212° F., preferably between about 80 to about 180° F., 
most preferably between about 100 to about 140° F. The 
condensate (7a), now the boiler feed water, is directed to the 
boiler water feed tank (F) which serves, as a holding tank. The 
water is then pumped to the boiler/calciner (B) with the boiler 
water feed pumps (E) and the cycle is repeated. The warm 
cooling water stream (11A) from the Steam condenser is then 
used to heat ambient air from blower J in heater H from 
ambient to about 212° F., preferably between about 80 to 
about 180° F., most preferably between about 95 to about 
105 F. The warm cooling water (11) is also used to heat coal 
in the fluidized bed dryer (A). The water discharge of H 
returns to the cooling tower K via lines 13A and 13. The 
heated air (12) is used to dry the material dryer A and the 
circulating water (11) flows through heat exchanger pipes 
within the dryer to provide most of the energy required for 
drying the material. The dried material exits the dryer via line 
17, along with air. Some of the warm air (12A) and water 
(11B) created in this drying process is used to dry the coal for 
the chlorination reaction as shown in FIG.3. The water (11B) 
used in the coal dryer returns to the cooling tower via line 13B 
(0070. In FIG. 2, dried material charges via line 17 into a 
large feeder (P) and the mixture of waste and the heat source 
is released through line 18 and fed into the fluidized bed 
calciner (B) with conveyor (Q. line 19). The heat source is 
added to increase the heating content of the boiler for addi 
tional steam and electricity production. For example, in order 
to keep the method and the plant electrically self sufficient, 
coal additions ranging up to about 30 wt % relative to the coal 
mine waste feed may be used. Natural gas provided via line 20 
is used as a flame out prevention source and/or a fuel Supple 
ment. The boiler content is burned within a controlled tem 
perature range between about 1450 to about 1750° F., pref 
erably between about 1475 to about 1650°F., most preferably 
between 1550 and 1570 F. Combustion air, along with some 
flue gas recycle from line (25), is added to the bottom of the 
boiler via line 26 through distribution sparge pipes designed 
to uniformly lift and fluidize the solids. The air flow and 
velocity is controlled in order to maintain the predetermined 
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bed height and the mentioned temperature range. The internal 
bonds within the ash are broken and each individual oxide is 
free of any chemical water bond. For example, coal mine 
waste ash has a typical composition of about 55-65% silicon 
oxide, about 25-35% aluminum oxide, about 2-4% iron 
oxides, about 1-2% titanium oxide and residual amounts of 
various trace materials. Along with the carbon, the entrained 
hydrogen is burned which contributes to the heating content. 
The entrained water is boiled off and exits with the flue gas via 
line 6. Most of the solids (ash) exit with the flue gas which is 
sent into a gas/solid separation system comprising at least one 
cyclone separator (S). The remaining ash falls via line 27 to 
the bottom of the boiler and is rejoined with the separated 
solids from line 28 after the cyclone separator via conveyor R. 
Streams 27 and 28 fall to a holding device such as a hopper(T) 
before being transported, by a transporter, e.g., Screw driven 
conveyor system U, to the chlorination system. There the 
metal oxides are mixed with a carbon Source. Such as coal 
(reducing agent) and a chlorine source, such as chlorine gas to 
produce chlorides of metal oxides. The oxide content of the 
ash is not limited to the listed compounds. The ash may 
contain any of the intermediate oxides, such asperoxides, and 
superoxides. The chlorination process is described below. 
(0071. Still referring to FIG. 2, the combustion air blown 
from blower W via line 24 is to be preheated by (post cyclone) 
flue gas (22) to between about 275 and about 325° F., opti 
mally about 300°F. in heater V. After preheating the air, the 
cooled flue gas (23), now at approximately 300°F. is used 
further downstream (see FIG. 3) for example to vaporize and 
heat the chlorine source Such as chlorine gas from a recycling 
unit or an intermediate storage unit such as a railcars. The hot 
air also assists in heating the molten salt electrolyte in alumi 
num production cells and titanium production cells. The 
steam produced in the boiler's Superheater reaches upwards 
of about 500 psi and about 800° F. before being sent to the 
steam turbines (D1 and D2) via line 6. Steam (39) from the 
chlorinator is joined with stream 6 before entering D1 and D2. 
Low pressure steam from the turbines may be used for heating 
or cooling other process streams, most likely the salt electro 
lyte in the aluminum cells before being sent back to the boiler 
as feed water (7b). The remainder of the post turbine steam is 
sent directly to condenser G to be condensed and pumped as 
feed water stream 10 back to the boiler/calciner. 

0072. In FIG. 3, a reducing agent such as a carbonaceous 
material like coal (carbon reducing agent) is dried before the 
carbochlorination process to avoid the formation of corrosive 
hydrogen chloride during the process. As mentioned above, 
this may be accomplished in a small scale replication of the 
waste dryer system in FIG. 1. Coal is conveyed to the top of 
dryer X via line 30. Heated air (12A) fluidizes the coal and 
warm water (11B) is used as the primary heat transfer fluid as 
it passes through internal heat exchanger pipes. The water 
discharges from the dryer via line 13B and is returned to the 
cooling tower (k, FIG.1). The fluidizing air exits the top of the 
dryer X via 31, along with the warm, dry coal and goes 
through a cyclone separator (Y) and/or a bag filter (Z) to 
separate the coal (33) from the air (32). The separated coal is 
crushed to particle sizes between about 1 to 20 mm, prefer 
ably between about 3 to 6 mm, most preferably about 4 mm 
and fed to the chlorinator by conveyor AA through line 34. 
The post filter air (15B) is vented to the atmosphere. 
0073 Still referring to FIG.3, the ash from the cyclone S 
and is conveyed into the chlorinator (BB) by a transporting 
device U such as a screw driven conveyor system (line 29) and 
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mixed with dried carbon Source and chlorine source. Such as 
chlorine gas in the fluidized bed reactor of chlorinator BB. 
The hot ash metal oxides are chlorinated by the chlorine 
Source, producing metal chlorides and oxygen. The oxygen is 
reduced by the carbon Source, i.e. the hot oxygen combusts 
the carbon producing a mixture of CO and CO. The chlorine 
comes from two Supply sources: most is recycled (42) from 
the metals plant directly into the reactor and any necessary 
supplement is brought in (40) liquefied via railcar. The liquid 
chlorine is air or nitrogen padded (44) out of the railcar (GG) 
directly to a vaporizer (FF) where it is vaporized by hot flue 
gas (23) from the boiler. The railcar is vented (45) to a scrub 
ber as a safety mechanism. The flue gas (43) is then sent 
through a series of separators in an attempt to separate various 
gases for further processing. The chlorine gas (41) is then fed 
into the reactor. As described above, amounts of chlorine 
necessary are determined by an analysis for the weight per 
centage of metal oxides in the metal oxide containing starting 
material or in the hot ash from the boiler B. Preferably, a 
chlorine excess of up to about 5 wt %, more preferably up to 
about 2 wt %, most preferably between about 0.1 and about 2 
wt % is directed into the chlorinator to achieve maximum 
yield of metal chlorides. Similarly, the dried reducing agent 
(coal) fed through line 34 into the reactor also has an excess 
between up to about 10 wt %, preferably about 5 wt % to 
about 10 wt %, most preferably 7 wt % to about 10 wt % to 
achieve maximum yield of metal chlorides without genera 
tion of undesired side products. In order to obtain an ideal 
fluidized bed within the chlorinator, a dry inert gas such as 
nitrogen (44B) is added to the bottom of BB. The pressure 
inside the chlorinator can be maintained at various levels, 
preferably the pressure is higher than at the first stage of the 
separation unit. 
0074 The non-chlorinated solids comprising of mainly 
silicon dioxide, exit the reactor along with the metal chlo 
rides, excess chlorine, and other gases at approximately 
2000°F. via line 35. This exit temperature is dependent on the 
composition of stream 29 which is constantly variable. The 
reactor discharges directly into a separation system compris 
ing at least cyclone separator CC where the Solids exiting 
through line 38 are separated from the liquid/gas mixture 
exiting through line36. The separator DD separates the liquid 
alkali/alkali earth metal chlorides via line 36B from the gas 
directed through line 36A. Stream 36A may be sent through 
an additional separation device (cyclone, centrifuge, or filter) 
in order to separate the remaining liquids and Solids from the 
gases. All the Solids separated from the gases are sent to the 
solids processing plant using conveyor EE via line 38. The 
liquid-free gas from DD via line 36A is then cooled using its 
energy to boil a stream of water supplied from line 10A (FIG. 
1) in boiler HH, thereby creating superheated steam, which is 
sent through line 39 to the turbines D1 and D2 (FIG. 1) for 
electricity generation. Boiler HH receives feed water from 
boiler feed water pump E (FIG. 1). Most of the cooled gases 
(37A) at approximately a temperature between about 500 to 
1000°F., more preferably between about 615 and about 630, 
most preferably about 620 F. are then sent to the primary 
separation system but some can be recycled (37B) back to the 
chlorinator. 

(0075. In FIG.4, the gas stream (37A) from HH enters the 
middle of the primary absorber (II) and is cooled by recycle 
liquids to be described. As the upward flowing gases come in 
contact with the downward flowing liquids, the gases cool to 
between about 330 and about 370° F., optimally about 350° F. 
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(at the bottom of the absorber), condensing the FeCls. The 
bottoms (heavy key) stream (49A) of the primary absorber 
contains condensed FeCls, gaseous AlCls, TiCl, and other 
trace metal chlorides. Some of the heavy key stream is 
recycled (49B) back to the inlet of the primary absorber in 
order to obtain optimal absorption. The top stream (45) of the 
primary separation vessel contains gaseous AlCls, TiCl, and 
other trace metal chlorides. This stream is sent through con 
densers (JJ and KK) to cooland condense the AlCls and TiCl 
The condensate (46B) of the primary condenser (JJ) which 
contains liquid AlCls and gaseous. TiCl, and other trace metal 
chlorides at about 210 to about 220°F., optimally about 215° 
F. will return to the primary absorber to be used as the major 
ity portion of the liquid feed. The non-condensed gases (46A) 
will go through a Sub-condenser (KK) to remove TiCl, as a 
cold liquid attemperatures below 0°F. A chilled refrigeration 
system is required to accomplish this Sub-condensation. The 
condensate (47A) returns to the primary separation vessel to 
be used as a portion of the liquid feed and the non-condensed 
gases (47B) are sent for further processing in the TiCl, con 
densation system (FIG. 5). 
0076 Still referring to FIG. 4, the condensed metal chlo 
rides (49A) from the bottom of the primary absorber are sent 
to the primary distillation column (LL) where FeCl is dis 
tilled from the lighter AlCls and TiCla. FeCl is removed via 
the bottoms stream (52) of the column and AlCls and TiClare 
removed as the distillate (50). The temperature at the reboiler 
(OO) is maintained at about 640 to about 675° F., optimally 
about 660° F. Depending on the required vapor rate, boiled 
chlorides (53A) are returned to the primary distillation col 
umn and the remainder is FeCls product (53B). The distillate 
stream in line 50 is passed through condenser MM which 
maintains a temperature between about 330 and about 370° 
F., optimally about 350°F. The condensate (51) then goes to 
the reflux drum (NN) holding vessel where it is split accord 
ing to the reflux rate by recycling some to the primary distil 
lation column (51B) and feeding the remainder (51A) to the 
secondary separation system (FIG. 5). The primary separa 
tion system is maintained at a pressure greater than that at 
which either FeC1 and/or AICl would desublimate or freeze 
at any of the temperatures between about 140 and about 675° 
F. Preferably, this pressure is above atmospheric pressure and 
about 80 psig, more preferably between about 20 to about 60 
psig, most preferably between about 35 to about 45 psig. 
0077. In FIG. 5, the distillate (51A) from the primary 
distillation column flows to the secondary absorber (PP) and 
is cooled by overhead liquids to be described. As the upward 
flowing gases-come in contact with the downward flowing 
liquids, the gases cool between 280 and 330 F., optimally 
300° F (at the bottom of absorber PP). The overhead con 
denser (QQ) maintains the top of PP at a temperature between 
210 and 220° F., optimally 215° F. Stream 55 is cooled and a 
portion of the TiCl, in the gas mixture is condensed and 
returned to PP. The condensate is split between stream 56A, 
which falls back to PP and stream 56B which is directed to the 
TiCl, separation system. The inlet stream (51A) is cooled to 
between about 330 and about 365°F., optimally about 355° F. 
as the condensate contacts the AlCls. The bottoms (heavy 
key) stream (54A) of the secondary absorber contains con 
densed AlCls, and some gaseous TiCl, and other trace metal 
chlorides. Some of the heavy stream is recycled (54B) back to 
the inlet of the secondary absorber in order to obtain optimal 
absorption, the remainder is sent to the secondary distillation 
column (RR). 
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(0078 Still referring to FIG.5, in the secondary distillation 
column the heavier and thus higher boiling AlCl is removed 
in the bottoms stream (59) and the partial reboiler (UU) is 
maintained at approximately about 390 to about 430 F., 
optimally about 410° F. Stream 60A is boiled back to the 
column according to the required column vapor rate. The 
remaining bottoms (60B) is purified AlCls. This purified 
stream of AlCl is then condensed to solid AlCls and collected 
from line 61 and sent to the Aluminum cell room. The distill 
late stream 57 is passed through condenser SS which main 
tains a temperature between about 280 and about 330 F., 
optimally about 300°F. The condensate (58) then goes to the 
reflux drum (TT) holding vessel where it is split according to 
the reflux rate by recycling some to the secondary distillation 
column (58A) and feeding the remainder (58B and 58C) to 
the TiCl, separation system and the primary absorber, respec 
tively. Stream 47B comes from the sub-condenser (KK) in the 
primary separation system (FIG. 4). The second stage sepa 
ration system is maintained at a pressure greater than that at 
which AlCls would desublimate at any of the temperatures 
between about 280 and about 430° F. Preferably, pressure is 
maintained above atmospheric pressure and about 60 psig, 
more preferably between about 20 psig and about 40 psig, 
most preferably between about 25 psig and about 35 psig. 
(0079 Referring to FIG. 6, stream 58B from the secondary 
distillation column (RR), which contains TiCl, trace Vana 
dium compounds, and other non-condensed gases enter the 
TiCl distillation column (WW). The column aids in separat 
ing the TiCl, from the non-condensed gases, any Vanadyl 
Chloride (VOCl), and any Vanadium Tetrachloride (VC1). 
The Vanadium compounds form and accumulate in the chlo 
rinator from trace Vanadium oxides in the ash reacting with 
chlorine and liberated oxygen or water. Because the TiCls 
boiling point is higher than that of VOCl, it exits column 
WW in the bottoms stream (62) and the VOCl exits with the 
non-condensed gases as the distillate (64). The distillate 
enters condenser XX and is condensed and cooled to between 
about 155 and about 165° F., optimally about 160° F. The 
condensate (65) goes to reflux drum 11 where it is either sent 
back to the column (65A) according to the reflux rate or sent 
(65B) for further processing. The bottoms stream (62) enters 
reboiler YY where the TiCl is boiled and heated to 295 to 
310° F., optimally 300° F. The vapor (63A) returns to the 
column according to the required vapor rate and the liquid 
(63B) is sent to condenser ZZ where the temperature is 
reduced to about 275-290°F. The condensate (66B), which is 
primarily VCl will be collected for further purification. The 
non-condensed gases (66A) then enter subcooler A1 where 
the temperature is reduced to below 0°F. All TiCl, will be 
condensed and sent via line 67 to the Titanium production 
facility. The non-condensed gases (70) will join stream 65B 
for further processing. Condenser ZZ is cooled by cooling 
water (stream 68) and the subcooler A1 is cooled by a con 
tinuous refrigeration loop (stream 69). Preferably, the TiCl 
purification system is maintained above atmospheric pressure 
and 40 psig, more preferably above atmospheric pressure and 
about 20 psig and most preferably between atmospheric pres 
Sure and about 17 psig for optimal operation. 
0080 Still referring to FIG. 6, for the electrolytic reduc 
tion process, TiCl, from holding tank B1 is pumped through 
heat exchanger D1 using pump C1 to the cells via line 71A. 
The TiCl is dissolved in a molten salt electrolyte delivered 
through line 72 and electrolyzed to molten Titanium at the 
cathode. The chlorine produced at the anode is removed from 
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the cell by vacuum and recycled back to the chlorinator via 
line 42 (see also FIG. 3). The molten Titanium is collected 
from the cell via line 74A and frozen into ingots or slabs. This 
process can be run continuously to maximize efficiency. This 
process is called the Ginatta Method. 
0081. Still referring to FIG. 6, a second continuous pro 
cess for the reduction of TiCl, with a reducing agent such as 
an alkali metal or an earth alkali metal is carried out in a 
fluidized bed reactor (E1). The reducing agent is charged 
through line 77 within a vertical reactor and is fluidized with 
an inert gas delivered through 75, supplemented with addi 
tional inert gas from line 76 and then reacted with TiCl, to 
yield titanium powder and an alkali chloride or a earth alkali 
chloride exiting through stream 79. The bed can be preheated 
before TiCl, vapor is introduced into the reactor and the heat 
of reaction drives the temperature towards the melting point 
of the alkali chloride or earth alkali chloride. To prevent the 
reducing agent from melting, a temperature control system 
can be in place, such as including a steam or coolantjacket. 
Once fluidized and reacted, the effluent (79) is separated in a 
unit F1 comprising a cyclone with optional filter and fed via 
line 80 to separation vessel. H2. Moltentitanium may also be 
removed from the reactor via stream 78 directly into H2. This 
vessel separates molten titanium through line 74C from the 
stream alkali metal chloride or earth alkali metal chloride and 
any unreacted reducing agent, which are removed via line 81. 
The titanium may then be sent for further purification if 
required. The chloride is then separated in its own electrolytic 
cell and then recycled back to the chlorinator. Chlorine pro 
duced in this cell is returned to the chlorinator. U.S. Pat. No. 
6,995,703 discloses a similar process and is hereby incorpo 
rated in its entirety by reference. 
0082) Another method to obtain titanium from titanium 
chlorides is the chemical reduction by either molten magne 
sium or sodium. The magnesium process, called the Kroll 
process is carried out in a stainless steel retort pot. Excess 
magnesium is heated before the liquid TiCl is slowly fed in. 
The reaction of magnesium to magnesium chloride and TiCla 
to T1 is carried out as a batch process over several days. As the 
reaction proceeds, MgCl2 is periodically removed from the 
retort. After the reaction is complete, the Ti is removed as a 
“sponge' or porous metal. The sponge is then melted in a 
vacuum arc furnace and cooled several times in an attempt to 
remove all impurities. The MgCl, salt is passed through an 
electrolytic cell producing molten magnesium and chlorine. 
The magnesium is sent back to the titanium reactor and the 
chlorine is sent to the chlorinator. This batch-chemical reduc 
tion process may also be carried out using metallic sodium. 
This is known as the Hunter process and is similar to the Kroll 
process but substitutes sodium for magnesium. The Kroll and 
Hunter processes are both carried out in a batch system and 
include the extraction of the titanium sponge from the reac 
tion vessel. 

0083 Current methods for the production of aluminum 
chloride (AICl)are the chlorination of bauxite (ore contain 
ing Al-O.) and of pure aluminum. AlCls cells have been 
successfully run but were deemed uneconomic because of the 
high cost to produce AlCl. This electrolysis process con 
sumes less than half the electrical power than the currently 
used Hall-Heroult process. The Hall-Heroult process uses 
approximately 6.35-7.25 kwh/lb of aluminum produced at 
3.0-4.0 volts. An aluminum smelting plant producing 100 
tons of Al per day uses 1270-1450 MWhrs. The AlCls elec 
trolysis process uses approximately 2.88 kWh/lb of aluminum 
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produced at 1:8 volts. To electrolytically produce 100 tons of 
Alper day would use 576 MWhrs. 
I0084. The process for producing Aluminum via the elec 
trolysis of AlCls can be performed as follows: 
I0085. Referring to FIG. 5, anhydrous AlCls can be con 
veyed from its separation process to the electrolytic cell room 
W1 via line 61. From the duct pipes, the solids are distributed 
to the individual cell's feed tanks. Each tank is vented to a 
scrubber system to prevent over pressurization. The scrubber 
fans maintain a slight vacuum on each feed tank and are also 
used to scrub chlorine, if necessary, when starting up the cells. 
The tanks are located above the cells to allow for gravity 
feeding. The AlCl is fed to the cells using a rotary valve 
which also isolates the feed tanks from any gas in the feed 
lines. The AlCls flows downward and is pressurized by anhy 
drous chlorine gas which is added to overcome the hydro 
static pressure of the molten salt electrolyte in the cells. The 
chlorine distributes the AlCls into the molten salt electrolyte 
for rapid dissolution. 
I0086) Still referring to FIG. 5, the AICl electrolytic cell 
VV1 is to be constructed of a carbon steel shell with a com 
plete refractory lining made of thermally insulating brick or 
oxysilicon nitride, which is able to withstand the chlorine and 
salt atmosphere. Each cell is insulated with high temperature 
thermal insulation to minimize heat loss and maintain the cell 
temperatures. Within the cell is a lower sump to collect the 
molten aluminum produced at the cathodes. In the upper Zone 
of the cell there is a molten salt bath reservoir, which is 
continuously replenished with AlCls. The cell lid contains 
three ports, one for feeding AlCls into the cell reservoir via 
line 61: one for venting the produced chlorine via line 42A, 
and the third line 61A for a dip tube which extends down into 
the bottom of the lower aluminum metal sump. The dip tube 
is used to remove molten aluminum from the cell. It is also 
possible to allow the molten aluminum to flow from the 
bottom of the lower sump into a decanter to separate the 
aluminum from any entrained electrolyte. The aluminum 
would then be fed to a storage tank and the electrolyte would 
be pumped or pressure fed back to the cell. Below the reser 
voir is an upper terminal anode, several bipolar electrodes, 
and a lower terminal cathode, all constructed of graphite. The 
electrodes are arranged in a superimposed manor. Each inter 
electrode space is bounded by an upper surface of one elec 
trode (which functions as an anode surface) opposite a lower 
surface of another electrode (which functions as a cathode 
surface). The current, anode surface area, and Voltage com 
bine into an equation referred to as a k-factor equation. The 
lower the k-factor, the closer a cell is to running 100% effi 
cient. The smaller the anode-cathode distance the more effi 
cient the cell. The electrolyte bathfills all unoccupied space of 
the cell and as the bath passes in between the electrodes and 
comes in contact with the electric current aluminum metal 
forms at the cathode and chlorine gas forms at the anode. The 
chlorine gas evolved at the anode is buoyant and its movement 
is employed to effect bath circulation, while aluminum is 
swept by the moving bath from the cathode surfaces and 
settles out from the out flowing bath. Electricity flows to and 
between, the cells via buss bar and within the cells from 
cathode to anode through the electrolyte. Current densities 
range from 5-15 amps/in2 of anode surface area. 
0087. The molten salt electrolyte must consist of at least 
50% Sodium Chloride (NaCl) and 40% Lithium Chloride 
(LiCl). The remainder must consist of at least 5% AlCls and 
each less than 1% Potassium Chloride (KCl), Magnesium 
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Chloride (MgCl), and Calcium Chloride (CaCl2). This elec 
trolyte bath can be maintained attemperatures between about 
1220 and about 1316°F. 
0088. The following example is illustrative of the present 
invention and is not to be construed as limiting the scope of 
the invention. Variations and equivalents of this example will 
be apparent to those of skill in the art in light of the present 
disclosore, the drawings and the claims herein. 

EXAMPLE 

0089. A known amount of coal mine waste was ground 
into a coarse powder and placed in a temperature controlled 
electric furnace. The temperature was then increased to 
between 1550 and 1650°F. and maintained until the material 
reached that temperature. In FIG. 7, after being held at high 
temperature for several hours, the coal mine waste is fed into 
the chlorinator along with Virgin coal (previously ground into 
a coarse powder). At the same time, chlorine via line 1 from 
the chlorine cylinder and nitrogen via line 5b from the nitro 
gen cylinder is sparged into the chlorinator. The purpose of 
the nitrogen is to aid in bed fluidization. As the chlorine reacts 
with the oxides in the calcined coal mine waste oxygen is 
liberated and combusts the Virgin coal (carbon) reducing 
agent. The temperature within the stainless Steel chlorinator 
increases towards 1850 F. and the gases, liquids and fluid 
ized unreacted solids flow out the top (stream 1a). A small 
portion of the reactor effluent is recycled (1b) to the bottom of 
the chlorinator in order to obtain an optimal reaction. The 
reactor effluent (1a) passes through a screen to emulate a solid 
removal operation and a throttling valve which is used to 
control the pressure of the system. Upon starting the system 
the throttling valve is set at 50% open. As the valve is opened 
the pressure of the system decreases and the gases in the 
reactor effluent begin to expand and cool, which reduces the 
cooling duty of the FeCls condenser. 
0090. After passing through the throttling valve, stream 2 
enters the bottom of the FeCls condenser and is cooled by 
water flowing through internal coils. The water flowing 
through the coils controls the temperature of the condenser is 
maintained at approximately 400°F. At that temperature the 
FeCls in the gas stream is condensed and falls to the bottom of 
the condenser. A Small portion of the condenser discharge is 
recycled (3b) back to the inlet which aids in cooling. The 
majority of the discharge (3.a) then enters the AlCls condenser 
where the temperature is reduced to approximately 350° F. 
depending on the pressure of the system. This is accom 
plished by contact condensing warm AlCls vapor with cold 
nitrogen/AlCls solids and liquid. Solid AICl is loaded in to 
the feed hopper and is blown into the condenser with nitrogen. 
The nitrogen line has a throttling valve which helps to keep 
the system pressure balanced. As the nitrogen/AlCls mixture 
enters the condenser, some of the Solids melt, depending on 
the system pressure. The Solid/liquid mixture cools and con 
denses the gaseous AlCl which falls to the bottom of the 
condenser. The condenser has a cyclone shape and the gases 
enter tangentially which aids in the separation of any 
entrained solids. A small portion of the AlCls condenser efflu 
ent is recycled to its inlet via stream 4b. The remainder of the 
gas stream (4a) is then sent to the bottom of the TiCl, con 
denser which is designed exactly like the FeCls condenser. 
The TiCl, stream is condensed using flowing tap water and 
collected at the bottom of the vessel. The remaining gases are 
scrubbed with a solution of sodium hydroxide to form bleach. 
0091 Experimental results are as follows: 
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0092 Separation: 
0093. The Fe concentration in the FeCls condenser— 
88% as Fe 

0094. The Na concentration in the FeCls condenser— 
10% as Na 

0.095 The Al concentration in the FeC1 condenser 2. 
4% as Al 

0096. The Al concentration in the AlCls condenser— 
99.4% as Al 

0097. The Fe concentration in the AlCls condenser 0. 
37% as Fe 

0098. The Na concentration in the AlCls condenser 0. 
O6% as Na 

0099 Titanium Was detected in the TiCl, condenser but 
quantity could not be determined 

0.100 Yield, based on starting of 1 lb coal mine waste 
containing 30 wt % aluminum oxides, 3 wt % iron 
oxides, 1.5 wt % titanium oxide: 

0101 0.035 lbs of FeCls was detected in the product 
vessels, which is 85.4% yield 

0102 0.48 lbs of AlCls was detected in the product 
vessels, which is 92.5% yield 

(0103) The yield of TiCl, could not be determined. 
0104. The yields do not account for any chlorides that 
might have reacted but did not condense. 
0105. Although the present invention has been described 
in considerable detail with regard to certain versions thereof, 
other versions are possible, and alterations, permutations and 
equivalents of the version shown will become apparent to 
those skilled in the art upon a reading of the specification and 
study of the drawings. Also, the various features of the ver 
sions herein can be combined in various ways to provide 
additional versions of the present invention. Furthermore, 
certain terminology has been used for the purposes of 
descriptive clarity, and not to limit the present invention: 
Therefore, any appended claims should not be limited to the 
description of the preferred versions contained herein and 
should include all Such alterations, permutations, and equiva 
lents as fall within the true spirit and scope of the present 
invention. 
0106 Having now fully described this invention, it will be 
understood to those of ordinary skill in the art that the meth 
ods of the present invention can be carried out with a wide and 
equivalent range of conditions, formulations, and other 
parameters without departing from the scope of the invention 
or any embodiments thereof. 
0107 All patents and publications cited herein are hereby 
fully incorporated by reference in their entirety. The citation 
of any publication is for its disclosure prior to the filing date 
and should not be construed as an admission that Such publi 
cation is prior art or that the present invention is not entitled to 
antedate such publication by virtue of prior invention. 
What is claimed: 
1. A method for preparing at least one metal chloride from 

metal oxide containing material comprising: 
calcining the metal oxide containing material under tem 

perature conditions Sufficient to obtain a calcined prod 
uct comprising at least one metal oxide; and 

selectively chlorinating the calcined product to form at 
least one metal chloride. 

2. A method according to claim 1, further comprising dry 
ing the metal oxide containing material. 

3. A method according to claim 1, wherein the at least one 
metal oxide includes at least one oxide of a metal comprising 



US 2016/O 185597 A1 

alkaline and earth alkaline metals, main group III with the 
exception of boron, main group IV with the exception of 
carbon and silicon, all transition metals, all lanthanides and 
actinides. 

4. A method according to claim 1, wherein the calcining is 
performed at a temperature between about 1450 and 1750°F. 

5. A method according to claim 1, wherein heat for calcin 
ing is provided by a heat content present in the metal oxide 
containing material. 

6. A method according to claim 1, wherein the calcining 
includes addition of a heat source. 

7. A method according to claim 1, wherein the selectively 
chlorinating comprises carbochlorination. 

8. A method according to claim 1, wherein the selectively 
chlorinating includes determining a content of metal oxides 
in the metal oxide containing material and using an amount of 
a source of chlorine and an amount of carbon from a carbon 
Source in the selectively chlorinating based upon the deter 
mining. 

9. A method according to claim 8, wherein the amount of 
chlorine source comprise an excess of 0.1 to 2 wt % based on 
the metal oxide content. 

10. A method according to claim 1, further comprising 
generating at least one metal from the at least one metal 
chloride. 

11. A method according to claim 1, wherein the at least one 
metal chloride comprises at least two metal chlorides and 
additionally comprises separating the at least two metal chlo 
rides. 

12. A method according to claim 11, wherein the separat 
ing includes fractional condensation/distillation of the at least 
two metal chlorides at pressures and temperatures to fraction 
ally separate the at least two metal chlorides. 
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13. A method according to claim 1, wherein the at least one 
metal oxide containing material comprises coal mine waste. 

14. A method according to claim 1, wherein the at least one 
metal oxide containing material comprises Solid industrial 
byproduct. 

15. A method according to claim 1, further including sepa 
rating products after the selectively chlorinating comprising: 

separating Solids from gases; and 
separating the gaseous metal chlorides by fractional con 

densation/distillation. 

16. A method according to claim 15, wherein the separat 
ing Solids from gases includes separating liquids from the 
Solids. 

17. A method according to claim 1, wherein excess heat 
from at least one of the calcining and the selectively chlori 
nating is used in the process. 

18. A method according to claim 15, wherein the fractional 
condensation/distillation includes condensation and distilla 
tion of metal chlorides at pressures between atmospheric and 
80 psig. 

19. A method according to claim 15, further comprising 
forming metals from the gaseous metal chlorides. 

20. A method for conserving energy in a metal chloride 
generating process comprising: 

combusting a heat source to calcine metal oxide containing 
material; and 

chlorinating at least one metal oxide from the metal oxide 
containing material; and 

diverting energy from at least one of the combusting and 
the chlorinating to other parts of the process. 
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